Variations in water relations and stomatal response of Quercus pubescens Willd. were analyzed under Mediterranean field conditions during two consecutive summers (1993 and 1994) at two locations characterized by different atmospheric CO 2 concentrations because of the presence at one of them of a CO 2 spring. Trees at the CO 2 spring site have been growing for generations in elevated atmospheric CO 2 concentrations. The heat-pulse velocity technique was used to estimate water use of trees during a 5-month period from June to November 1994. At the end of the sap flow measurements, the trees were harvested and foliage and sapwood area measured. At both sites, maximum leaf conductance was related to predawn shoot water potential. Effects of summer drought on plant water relations, including whole-plant transpiration, were severe, but leaf conductance and water potential recovered to predrought values after major rainfall in September. Leaf conductance, predawn water potential, and sometimes sap flow, decreased in parallel with increases in hydraulic resistance, reaching a minimum in midsummer. Hydraulic resistance was higher in trees at the control site than in trees at the CO 2 spring site. The effect of elevated CO 2 concentration on leaf conductance was less at high leaf-to-air water vapor pressure difference than at low leaf-to-air water vapor pressure difference. Mean and diurnal sap fluxes were consistently higher in trees at the control site than in trees at the CO 2 spring site. During the summer period, plant water use varied between the two sites. Trees at the control site had consistently higher sap flow at corresponding values of sapwood cross-sectional area than trees at the CO 2 spring site. Because trees at the CO 2 spring site supported a smaller foliage area for a corresponding sapwood cross-sectional area than trees at the control site, the overall mean sap flux/foliage area ratio did not differ between sites. The results are discussed in terms of effects of elevated CO 2 concentration on plant water use at the organ and whole-tree scale.
Introduction
The concentration of carbon dioxide (CO 2 ) in the atmosphere has increased from a pre-industrial concentration of about 280 µmol CO 2 mol −1 to the present concentration of 360 µmol CO 2 mol −1
, and it is predicted to reach more than twice the pre-industrial concentration during the next century (Watson et al. 1990) . Climate model simulations indicate that the accumulation of CO 2 and other greenhouse gases in the atmosphere will cause an increase in the mean global temperature at the surface of the Earth. A consequence of this increase will be an increase in water vapor deficit that will probably be associated with an increase in transpiration. Because present rainfall barely meets potential evapotranspiration in the Mediterranean area, we postulate that Mediterranean plant communities will be exposed to more severe droughts as a result of the predicted climate change. Moreover, a concurrent decrease in precipitation at Mediterranean latitudes is also expected (Wigley et al. 1984) . Therefore, the direct effects of elevated CO 2 concentration on plant water relations may be critical for Mediterranean forest tree species (Scarascia Mugnozza et al. 1996 , Tognetti et al. 1998 .
In seedlings, high concentrations of atmospheric CO 2 often improve water status by inducing stomatal closure (see Tyree and Alexander 1993) , although this is not always observed (Beadle et al. 1979 , Higginbotham et al. 1985 , Nijs et al. 1988 . In general, a decrease in transpiration and an increase in water use efficiency occur (Jarvis 1989 , Eamus 1991 . However, the predictive value of much of the published data is low because most of the elevated CO 2 concentration experiments on forest tree species have involved relatively short-term studies on young potted plants, often growing on artificial substrates.
An important aspect of drought survival in plants growing in an elevated atmospheric CO 2 concentration is the maintenance of a high plant water potential (Rogers et al. 1984, Tolley and Strain 1984) . It has been shown that osmotic adjustment (lower solute potential) in leaves of plants exposed to elevated CO 2 concentration allows the plants to maintain higher turgor presWater relations, stomatal response and transpiration of Quercus pubescens trees during summer in a Mediterranean carbon dioxide spring sure (Morse et al. 1993 , Tognetti et al. 1996a ) enabling them to sustain growth and metabolism during drought. Alternatively, a substantial reduction in transpiration may result from elevated-CO 2 -induced reductions in biomass allocation to branches, and consequent decreases in total branch leaf area. Such a response has been observed in some short-term CO 2 -enrichment experiments on Eucalyptus seedlings (Duff et al. 1994) and Populus clones ; however, other experiments have shown the opposite response (Rochefort and Bazzaz 1992) .
Sites that are naturally CO 2 enriched (termed CO 2 springs) provide the opportunity to study adult trees exposed throughout their development to a CO 2 -enriched atmosphere , Körner and Miglietta 1994 , Tognetti et al. 1998 . Trees of several Mediterranean species growing close to the Bossoleto CO 2 spring, near Rapolano Terme (central Italy) (Körner and Miglietta 1994 , Chaves et al. 1995 , Jones et al. 1995 , van Gardingen et al. 1995 , Tognetti et al. 1996a , Hättenschwiler et al. 1997 , Tognetti et al. 1998 provide an opportunity to investigate long-term responses to concurrent CO 2 concentration increase and water stress. The aim of the present study was to assess the effects of elevated CO 2 concentration on the water relations of mature Quercus pubescens Willd. (downy oak) trees growing in natural field conditions in a Mediterranean environment over two consecutive summers. We hypothesized that elevated CO 2 concentration would result in improved water use efficiency. Quercus pubescens is a codominant tree species of many mature communities over large areas of the Mediterranean Basin (Romane and Terradas 1992, Damesin and .
Materials and methods

Site description
The natural CO 2 spring of Bossoleto (43°17′ N, 11°35′ E and 350 m.a.s.l.), which is located near Rapolano Terme (Siena, central Italy), has been described in detail elsewhere , Körner and Miglietta 1994 , van Gardingen et al. 1995 . The CO 2 vents occur both at the bottom and on the flanks of a circular doline; concentration gradients are enhanced under stable (windless) atmospheric conditions. During the day, CO 2 concentrations around the crowns of the experimental trees range from 500 to 1000 µmol CO 2 mol −1 , with rapid fluctuations. The H 2 S and SO 2 concentrations in the CO 2 spring are very low and are not considered harmful to plants (H. Rennenberg, University of Freiburg, Germany, personal comm.). Vegetation over a large part of the doline consists in coppiced forest, with Quercus ilex L. and Quercus pubescens the main species. A control site was chosen that was 3 km from Bossoleto, with similar plant age and association, plant morphology, light exposure, and soil nutrient availability and depth. The same site has been used by others as the control site for research conducted in Bossoleto (Chaves et al. 1995 , van Gardingen et al. 1997 . Scaffolding or natural rocks allowed access to leaves on branches 2 to 5 m above ground level and exposed to direct sunlight for similar periods of the day.
Measurements of leaf conductance and water potential were made on sunny, clear days at three-to five-week intervals from mid-May to the end of September over two consecutive summers, 1993 and 1994, on trees of Q. pubescens (also used for sap flow and foliage area measurements) that were about 10 cm in diameter and 5 m in height. In Rapolano, the climate is typically Mediterranean with rainfall occurring mainly during autumn and winter. Total rainfall during the study period was 209 mm (total annual rainfall, 650 mm) for 1993, and 367 mm (total annual rainfall, 791 mm) for 1994. The two sites received similar rainfall throughout the study period. Mean monthly minimum and maximum temperatures ranged from −1.1/2.4 °C (February 1993 (February /1994 
Stomatal response and tree water relations
Diurnal courses of leaf conductance (g 1 ) and transpiration (E) were followed on the abaxial surface at 2-h intervals from predawn to sunset, with a null-balance steady state porometer (LI-1600, Li-Cor, Inc., Lincoln, NE). Measurements were made on four trees per site. Six fully developed leaves (last flush) were measured on each tree on each sampling occasion. The natural inclination and azimuth of the leaves were maintained during the measurements. For each measurement, temperature inside the cuvette, leaf temperature, relative humidity and incoming photosynthetic photon flux density (PPFD) were recorded. Precautions were taken to avoid large differences between external environmental conditions and those inside the cuvette. Cuvette overheating was minimized by shading the cuvette between measurements. The porometer temperature and humidity sensors were calibrated and checked regularly. Leaf conductances were expressed in molar units to account for differences in temperature and atmospheric pressure resulting from altitude. Changes in leaf conductance were considered to reflect changes in stomatal conductance, on the assumption that boundary layer conductance inside the cuvette was constant and large. Daily courses of xylem water potential (Ψ) were determined with a pressure chamber (PMS-100, PMS Instruments, Co., Corvallis, OR) at 2-to 3-h intervals from predawn to sunset in parallel with the diurnal determinations of transpiration rate and leaf conductance. Three to six terminal shoots per tree were chosen close to the leaves on which leaf conductance had been measured. The absolute difference between minimum water potential (Ψ m ), generally recorded at midday, and predawn water potential (Ψ pd ) was calculated and termed ∆Ψ.
Transpiration at predawn was assumed to be zero because dew condensation on leaves before sunrise was common, even during midsummer. Hydraulic resistance on each tree sampled was calculated as the slope of the relationship between xylem water potential and transpiration rate per unit leaf area (Hinckley and Bruckerhoff 1975 , Brough et al. 1986 , Sala and Tenhunen 1994 , Tognetti et al. 1996b ). Diurnal hysteresis was small. Only regressions significant at P < 0.01 were used for hydraulic resistance estimates.
For comparative purposes, curves describing changes in measured maximum leaf conductance (approximately equal to stomatal conductance) with respect to leaf-to-air water vapor pressure difference (∆W) were obtained from the entire data set . Maximum daily leaf conductance at light saturation (g 1,max ) was defined as the mean of the highest values of leaf conductance for each day. Data from diurnal courses indicated that the maximum daily light-saturated leaf conductances generally occurred between 0700 and 0900 h solar time. Regressions of stomatal response to leaf-to-air water vapor pressure difference were constructed by pooling values obtained from trees sampled at each site.
Sap flow measurements
Over the entire period from June to mid-November 1994, measurements of half-hourly sap velocities were made simultaneously on four trees of Q. pubescens (two trees at each site) by the heat-pulse technique , Tognetti et al. 1996a , 1996b . On each tree, two sets of probes were implanted opposite one another and monitored with a data logger. Sap velocity sensors (Horticulture and Food Research Institute, Palmerston North, New Zealand) were deployed at breast height on each tree; heating probes penetrated the xylem to a depth of 30 to 35 mm, and two thermistor probes were inserted into the xylem 20 to 25 mm beneath the cambium. Thermistor probes were sited 10 mm above and 5 mm below each heating probe. Heating and thermistor probes were vertically aligned. At 30-min intervals, 5-s heat-pulses were automatically triggered by the logger. An increment core (5-mm diameter) was taken near to where the probes were implanted to determine, by color and texture, the approximate inner and outer boundaries of the sapwood and its volume fractions of wood and water (more accurate measurements of sapwood area were made on wood discs after felling, see below). Sap velocity was calculated from the heat-pulse velocity measurements as described by Swanson (1962) and included correction for the effect of wounding (Swanson and Whitfield 1981) . Sap velocity calculations were restricted to daytime (sunrise to sunset). Marshall's (1958) equation was used to convert heat-pulse velocity to sap flow.
Destructive measurements
After completion of the transpiration measurements, all sample trees were felled. The total leaf mass from each tree was harvested and dried to constant mass at 70 °C. Before drying, the area of a subsample of leaves freshly stripped from each tree was measured with a planimeter (Li-Cor 3000, Lincoln, NE) and used to calculate total foliage area from total fresh mass by regression. Specific leaf area (SLA) was obtained as the ratio between total foliage area and total foliage dry mass. The SLA was also calculated on disks cut from randomly chosen leaves (30 leaves per plant, three discs per leaf). Stem discs were cut at probe implantation height for measurements of sapwood cross-sectional area. Measurements were made of sapwood thickness and heartwood diameter at up to eight points around each wood disc.
Results
Seasonal patterns of xylem water potential and leaf conductance
The trees showed large reductions in leaf conductance and water potential during the severe summer drought in both years, with particularly low values in 1993, which was drier than 1994. A consequence of the seasonal patterns in Ψ pd and Ψ m was that ∆Ψ showed two maxima: before and after drought (Figure 1 ). During drought development, ∆Ψ decreased strongly with decreasing Ψ pd . In late September, ∆Ψ increased to values similar to those found in May and June. Predawn shoot water potential of Q. pubescens was correlated with rainfall. In both years, Ψ pd remained close to zero in May and June. A sharp decrease in Ψ pd was observed at the beginning of July at both sites. After the first major rainfall events, at the beginning of September, Ψ pd recovered to about −0.5 MPa. Differences in Ψ pd between the two sites were observed during the first half of the summer, with Ψ pd being lower in trees at the control site than in trees at the CO 2 spring site. Maximum leaf conductance in sun leaves varied in parallel with Ψ pd (Figure 1 ). During both the wet (May and September) and dry periods, g 1,max was higher in trees at the control site than in trees at the CO 2 spring site. Maximum leaf conductance did not recover completely to pre-drought values at either site at the end of the drought period. Relationships between ∆Ψ and Ψ pd and between g 1,max and Ψ pd (1993 and 1994 pooled data) differed between sites (Figure 2 ).
Diurnal patterns in leaf conductance and its changes with leaf-to-air water vapor pressure difference
At both sites, leaf conductance was always relatively high in the morning and decreased gradually during the day (Figure 3 ). At the control site, midday depression was evident at the beginning of the summer. By mid-August, g 1 was greatly reduced and stomata were almost completely closed, particularly during the afternoon. After the rain in September, g 1 of trees at both sites increased. Leaf conductance was consistently higher in trees at the control site than in trees at the CO 2 spring site during periods of mild water stress.
Over the long-term (months), g 1,max decreased with increasing ∆W in trees grown and measured at ambient CO 2 concentration and in trees grown and measured at elevated CO 2 concentration (Figure 4) . The response was steeper (P < 0.01) for trees at the control site (slope −0.307) than for trees at the CO 2 spring site (slope −0.215) (1993 and 1994 pooled data).
Seasonal changes in hydraulic resistance
A large increase in hydraulic resistance occurred at both sites in midsummer, particularly in 1993 ( . At the end of September, hydraulic resistance recovered to predrought values. Hydraulic resistance was consistently higher in trees at the control site than in trees at the CO 2 spring site. The relationships between g 1,max and hydraulic resistance and between Ψ pd and hydraulic resistance (1993 and 1994 pooled data) are shown in Figure 6 . Only the relationship between g 1,max and hydraulic resistance differed between sites.
Sap flow, foliage and sapwood area
Various tree characteristics relating to the interpretation of sap flow are summarized in Table 1 . At the control site, mean daily water use tended to decrease throughout the dry period (1994) in the larger tree (Figure 7) . A tendency for higher daily water use in larger trees at the CO 2 spring and control sites was recorded before (June), at the onset of midsummer drought (August) and after the rainfall events of late summer (September) which signaled recovery from soil water deficit, suggesting that soil water recharge resulted in an increase in transpiration rate. Daily water use started decreasing by the end of October as temperatures decreased and the photoperiod shortened. Unstable transpiration rates throughout the experiment (but consistently less during the dry period) are presumably the result of corresponding variability in incident radiation and vapor pressure deficit. There was considerable variation in mean daily sap flow among the control trees that was related to tree dimensions (variation in mean daily sap flow was less evident between the trees at the CO 2 spring site), whereas mean daily sap velocity did not show a systematic relationship to stem diameter (Table 1) . Mean sap flux and velocity were consistently higher in trees at the control site than in trees at the CO 2 spring site.
Diurnal sap flow in trees at the CO 2 spring site was consistently lower than in trees at the control site, particularly during the relatively wet period (Figure 8 ). Sap flow exhibited a typical parabolic pattern, peaking in midmorning before beginning a steady decline throughout the remainder of the day. The effect of water stress was marked and partially masked the effect of elevated CO 2 concentration. Consequently, at peak water stress, the difference in diurnal sap flow between sites was minimal.
Trees at the control site had higher mean daily sap flow at corresponding values of sapwood area (at probe implantation height) (Figure 9 ) than trees at the CO 2 spring site. Because trees at the CO 2 spring site also supported a smaller foliage area at corresponding sapwood area than trees at the control site, the overall mean sap flux/foliage area ratio did not differ between sites (Table 1 ). Trees at the CO 2 spring site had a larger sapwood area at corresponding stem cross-sectional area (over bark) than trees at the control site (data not shown).
Mean SLA was similar in trees at the control and CO 2 spring sites (12.65 ± 0.11 and 12.02 ± 2.47 m 2 kg −1 , respectively).
Discussion
Effects of summer drought
Seasonal and diurnal patterns of leaf conductance and xylem water potential of Q. pubescens at the two sites were similar to those observed previously in the same and other western Mediterranean woody species , Rhizopoulou and Mitrakos 1990 , Romane and Terradas 1992 , Castell et al. 1994 , Sala and Tenhunen 1994 , Damesin and Rambal 1995 . Conservative water use in Q. pubescens was indicated by progressive stomatal closure with decreasing predawn water potential, which also explained the decrease in ∆Ψ during drought (Damesin and Rambal 1995) . In Mediterranean species, stomatal closure constitutes a mechanism to cope with diurnal and seasonal water deficits (Aussenac and Valette 1982 , Lange et al. 1982 , Archerar and Rambal 1992 , Castell et al. 1994 , Sala and Tenhunen 1994 , Damesin and Rambal 1995 . Extreme water stress conditions were indicated by low predawn water potentials and by observations in the field of yellowing leaves (particularly August 1993) probably indicating irreversible cell damage (Kyriakopoulos and Larcher 1976) . Values were similar to those measured on Mediterranean Quercus species in very dry years and on sites close to desert areas (Rambal and Debussche 1995) . Drought-induced senescence of leaves is a mechanism for coping with extreme drought conditions (Kramer 1980) . After the September rains, water potentials and leaf conductances of the Q. pubescens trees recovered to high values, allowing continuation of annual net production (Damesin and Rambal 1995) . During the period of maximum drought (July and August), predawn water potentials were near or below the mean osmotic potentials at the turgor loss point (−2.04 and −2.39 MPa, for control and CO 2 spring trees, respectively) measured in late June (Tognetti et al. 1996a) . Although water loss was still detectable, stomata opened only for a short period in the early morning. Large reductions in stomatal conductance occurred when water potential approached the turgor loss point (Hinck- . Changes in maximum leaf conductance (g 1,max ) with changes in leaf-to-air water vapor pressure difference (∆W ) of Quercus pubescens trees at the CO 2 spring site (--᭹--) and at the control site (--᭺--) during the study period (1993 and 1994 pooled data). Vertical and horizontal error bars (visible when larger than symbols) indicate two standard errors of the mean. Each line represents a linear regression fitted to the data (P < 0.001) for trees at the CO 2 spring site (R 2 = 0.96) and control site (R 2 = 0.79), respectively.
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TREE PHYSIOLOGY ON-LINE at http://www.heronpublishing.com ley et al. 1980 , Rhizopoulou and Mitrakos 1990 , Sala and Tenhunen 1994 , coinciding with large decreases in predawn water potential. Osmotic adjustment can be an important mechanism of drought resistance that operates by lowering the water potential at which stomatal closure occurs when stomatal control of transpiration is not adequate for regulating water supply to leaf cells (Rhizopoulou and Mitrakos 1990, Terradas and Savé 1992) . In addition, changes may occur in tree structure that influence overall water relations during the year and determine the specific operational range for water potential (Sala and Tenhunen 1994, Tognetti et al. 1996a ). Decreases in maximum leaf conductance and predawn water potential were associated with increases in hydraulic resistance (on a leaf area basis). The relationships between these variables indicate control of leaf conductance by root or soil water potential, or plant hydraulic conductance, or both (cf. Gollan et al. 1985 , Meinzer et al. 1988 , Reich and Hinckley 1989 , Archerar and Rambal 1992 . Mean peak sap flows of larger trees declined progressively in concert with increasing drought and hydraulic resistance, reaching a minimum in midsummer when water stress was at its maximum. Diffuse xylem embolism (up to 80% in branches) occurred in the trees at this time (Tognetti et al. 1996a) . These relationships are consistent with the suggestion of Tyree (1989) that an important role of stomatal control of transpiration is not only to prevent desiccation damage but also to avoid ''runaway embolism'' Sutherland 1991, Borghetti et al. 1993) .
Embolism formation during summer (Tognetti et al. 1996a ) could result in a reduction in xylem conducting area causing lower sap flow rate (Steinberg et al. 1989 , Hatton et al. 1995 . With the onset of late-summer rainfall, mean peak sap flows Figure 5 . Seasonal variation of hydraulic resistance estimated from cuvette transpiration measurements and mean shoot water potential of Quercus pubescens trees at the CO 2 spring site (--᭹--) and at the control site (--᭺--) during two consecutive summers, 1993 and 1994. Vertical error bars (visible when larger than symbols) indicate two standard errors of the mean. Figure 6 . Changes in maximum leaf conductance (g 1,max ) and predawn shoot water potential (Ψ pd ) with changes in hydraulic resistance of Quercus pubescens trees at the CO 2 spring site (--᭹--) and at the control site (--᭺--) during the study period (1993 and 1994 pooled data) . Vertical and horizontal error bars (visible when larger than symbols) indicate two standard errors of the mean. Each line in the upper panel represents a second-order polynomial equation fitted to the data (P < 0.001) for trees at the CO 2 spring site (R 2 = 0.50) and control site (R 2 = 0.82), respectively. Each line in the lower panel represents a second-order polynomial equation fitted to the data (P < 0.001) for trees at the CO 2 spring site (R 2 = 0.91) and control site (R 2 = 0.89), respectively. leveled off to pre-stress values at both sites. This seasonal pattern of progressive decline and recovery shown by the larger trees was associated with increasing and decreasing soil water deficits, respectively. The presence of shallow bedrock at both sites may have prevented the trees extracting water from deeper soil water reserves, so that the trees responded rapidly to soil water deficit and recharge of the upper horizons, which have low water-holding capacity. Close correspondence between rates of evapotranspiration and soil water content during drought has been demonstrated for other tree species (Honeysett et al. 1992, Teskey and Sheriff 1996) . Overall, the variability in mean daily water use during the growing season may be explained by fluctuations in environmental factors, primarily soil water, and secondarily incident radiation and vapor pressure deficit.
Effects of elevated CO2 concentration
Because of the apparent species-specificity of response, predictions of the effects of elevated atmospheric CO 2 concentration on leaf conductance in trees remain uncertain. In particular, there is relatively little information on how the sensitivity of stomatal conductance to water vapor pressure deficit is affected by either short-term or long-term exposure to elevated CO 2 concentration (Tognetti et al. 1998) . Recently, evidence for no stomatal responses to elevated CO 2 concentration in tall trees has been reported by several authors (Barton et al. 1993 , Dufrene et al. 1993 , Ellsworth et al. 1995 , Teskey 1995 , Tognetti et al. 1996a , Körner and Würth 1996 , irrespective of the enrichment method. Hollinger (1987) found a significantly smaller relative decrease in conductance with increasing leaf-to-air vapor pressure difference in leaves of two tree species grown and measured in elevated CO 2 concentration. Leaf conductance in Q. pubescens was consistently higher in trees at the control site than in trees at the CO 2 spring site in the early morning at low vapor pressure deficit, but the difference was less evident at the peak of water stress in midsummer, indicating that the decrease in leaf conductance in response to elevated CO 2 concentration is smaller at high leaf-to-air water vapor pressure difference over the long term. Our observations are consistent with those of Bunce (1993) for soybean (grown outdoors) and orchard grass and with those of Tognetti et al. (1998) for Quercus ilex at the same CO 2 spring.
Both the diurnal and seasonal responses of leaf conductance might be expected to increase instantaneous water use efficiency in trees at the CO 2 spring site, thereby creating the potential for considerably greater carbon gain over the year (Jones et al. 1995 , Johnson et al. 1997 . Trees grown at the CO 2 spring showed a slower decrease in ∆Ψ with decreasing predawn water potential than trees at the control site. In Quercus species, this relationship is influenced by soil-to-leaf hydraulic conductance (Rambal 1992) . Hydraulic resistance was generally higher in trees at the control site than in trees at the CO 2 spring site. (1994) for all the sampled Quercus pubescens trees at the control (------) and CO 2 spring (------) site. Interruptions in the continuity of the lines result from failure, and subsequent replacement, of probes. Seasonal changes of daily precipitation and mean daily air temperature at the study site over the sampling period is also reported. Specific leaf area was not influenced by elevated CO 2 concentration. This finding contrasts with most published results (see Ceulemans and Mousseau 1994) ; however, most of the other studies report data from experiments with seedlings or trees in controlled environments. More complex behavior may be expected in trees in the field, exposed to elevated CO 2 concentration for generations (Jones et al. 1995 , Tognetti et al. 1998 . Low SLA values are considered typical of species growing in a Mediterranean climate (Pignatti 1984) . The tendency for lower SLA in trees at the CO 2 spring site may have been balanced by a water stress-induced higher degree of sclerophylly in trees at the control site and vice versa, particularly after summer drought.
Our sap flow measurements showed that water flux from trees at the CO 2 spring was less than that from trees at the control site. This finding is consistent with other reports of the effects of elevated CO 2 concentration on plant water use at the organ and whole-plant scale (Rogers and Dahlman 1993 , Bremer et al. 1996 , Senock et al. 1996 , Dugas et al. 1997 , Tognetti et al. 1998 . Half-hourly whole-plant transpiration was greater for trees at the control site than for trees at the CO 2 spring site; however, the effect of elevated CO 2 concentration on wholeplant transpiration varied during the season and the effect was minor during the peak of water stress in midsummer. Furthermore, the degree of reduction in transpiration caused by drought was larger than that attributable to elevated CO 2 concentration. Trees at the control site had higher sap flow at corresponding values of sapwood cross-sectional area than trees at the CO 2 spring site, but the sap flux/foliage area ratio was similar between sites because trees at the control site had a larger amount of foliage area at a corresponding sapwood cross-sectional area than trees at the CO 2 spring site. A higher proportional allocation of biomass to sapwood may reduce the impact of drought-induced embolism as well as improve water storage capacity of trees exposed to elevated CO 2 concentration (Waring and Running 1978, Tyree and Dixon 1986) ; however, this may increase respiratory costs, potentially limiting the growth benefits of improved water relations (Ryan 1990 , Callaway et al. 1994 .
Although a CO 2 -induced decrease in stomatal conductance could reduce transpiration and plant water use, a reduction in transpiring surface might be less effective than stomatal closure in reducing water use in response to elevated CO 2 concentration. The elevated-CO 2 -induced reduction in water usage, which would conserve soil water, might prolong plant performances during periodic drought; however, if this reduction in water use is restricted to a certain group of species or a particular plant size, the effect of elevated CO 2 concentration on the water balance of Mediterranean-type forest would be relatively minor. Figure 9 . Relation between foliage area and sapwood area, and between mean daily daytime sap flow and sapwood area for Quercus pubescens trees at the control (᭺) and CO 2 spring (᭹) site. Lines connect the values (following ln-transformation of both variables) for clarity and do not imply any response function.
